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ABSTRACT: The compressive behavior of portland cement concrete with vitriﬁed soil coarse aggregate is the 
focus of this paper. A total of 10 batches of concrete were examined at four different coarse aggregate volume 
fractions with three different combinations of vitriﬁed and natural coarse aggregates. For comparison purposes, 
the ratios of cement, water, and ﬁne aggregates were held constant. The stress-strain curves, modulus of elasticity, 
compressive strength, and Poisson’s ratio are examined as a function of coarse aggregate content. Results show 
a decrease in compressive strength as the volume fraction of vitriﬁed soil aggregate increased. Moduli of 
elasticity for concrete with vitriﬁed soil aggregate are considerably higher than concrete with natural aggregate. 
The Hirsch-Dougill model is extended and applied to a three-phase material to predict the modulus of elasticity 
of concrete with natural and vitriﬁed soil aggregates.  
INTRODUCTION 
Vitriﬁed soils are solid glasslike material resembling vol­
canic obsidian. They are the products of contaminated soils 
treated by high-temperature thermal remediation called vitri­
ﬁcation, a technique that heats soils contaminated with organic 
compounds or inorganic compounds (heavy metals) to tem­
peratures of 1,600� to 2,000�C. While organics are destroyed, 
remaining contaminants are immobilized within the solidiﬁed 
product (Hansen and Fitzpatrick 1991; USDoD 1994). The 
process can be done either in situ or ex situ, making it ideal 
for large masses of contaminated soils. The resulting product, 
vitriﬁed soils, is no longer federally classiﬁed as a hazardous 
material and may be suitable as an aggregate in concrete. 
The need to develop concrete with nontraditional aggregates 
has risen due to environmental trends as well as economic 
reasons (Brown 1998; Shelburne and Degroot 1998). Demand 
has increased so that such materials as newspapers, carpet ﬁ­
bers, chicken feathers, and soda containers that are typically 
deposited in landﬁlls may be used in concrete (Ali and Green-
well 1998). Materials that have been studied in concrete in­
clude reclaimed concrete, reclaimed asphalt, industrial by-
products, rubber, plastics, and glass. 
Reclaimed concrete from demolished structures can be 
crushed into aggregate and partially reused (Tavakoli and So­
roushian 1996; Ramamurthy and Gumaste 1998). This mate­
rial has been used as base and subbase materials as well as 
embankment ﬁll in highway construction (Shelburne and De­
groot 1998). Asphalt reclaimed from road surfaces being 
stripped for repaving has also been used in concrete; portions 
of this material are suitable for concrete applications including 
sidewalks, curbs, pipes, and gutters (Delwar et al. 1997). 
Industrial by-products represent a large reclaimed group of 
materials suitable for use in concrete. Some of the predominant 
by-products are ﬂy ash, silica fume, steel slag, and spent mold­
ing sand (Yip and Tay 1990; Navistar 1998). Some industrial 
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MA 02155. by-products improve certain properties of concrete. For ex­
ample, ﬂy ash, which is a by-product of burning coal, im­
proves durability, strength, and workability (Ali and Greenwell 
1998). 
Recycled materials including rubber, plastic, and glass have 
applications in concrete. Every year in the United States ap­
proximately 250 million tires are scrapped. If shredded, the 
resulting crumb rubber may be used in concrete for infra-
structural applications (Eldin and Senouci 1993; Raghavan et 
al. 1998). Plastics are recycled in large quantities. Shredded 
plastic from car bumpers has been successfully used in con­
crete for laboratory experiments (Al-Manaseer and Dalal 
1997). It was concluded that the plastic may be suitable as an 
aggregate in concrete for actual structures. Glass, in crushed 
or cullet form, is another type of recyclable material that has 
been used as an aggregate in concrete (Shelburne and Degroot 
1998). It has been studied in concrete masonry blocks, and 
tests on concrete with glass aggregate, including workability, 
permeability, and shear strength, have been performed to de­
termine the suitability of the material in construction (Shin and 
Sonntag 1994; Meyer et al. 1996). Smooth, ﬂat surfaces of the 
crushed material cause the bond between the mortar and glass 
to be poor (Polley et al. 1998). 
Crushed vitriﬁed soils are similar to cullet as they have 
smooth, ﬂat surfaces and sharp edges. Bond between the mor­
tar and vitriﬁed soil aggregate is expected to be poor, lowering 
the compressive strength of the concrete. However, the extent 
of this decrease will depend on the amount of the vitriﬁed 
aggregate used in the mix. How the amount of crushed vitriﬁed 
soil aggregate affects the mechanical performance of concrete 
is investigated herein. 
MATERIALS 
Cement 
Type I portland cement meeting the requirements of ASTM 
C150 was used for all concrete mixes. 
Fine Aggregate 
Natural sand with a maximum aggregate size of 4.75 mm 
and ﬁneness modulus of 2.79 was used. The sand met the 
gradation requirements of ASTM C33, and the distribution is 
shown in Fig. 1. Physical properties including bulk speciﬁc 
gravity, absorption capacity, and effective absorption in accor­
dance with ASTM C127 and C128 were determined and are 
given in Table 1 (ASTM 1994). 
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Coarse Aggregates 
Natural and vitriﬁed coarse aggregates were used. All coarse 
aggregates met the gradation requirements of ASTM C33 size 
8 aggregate, and the distribution is shown in Fig. 1. Physical 
properties including bulk speciﬁc gravity, absorption capacity, 
effective absorption, and dry rodded unit weight were deter­
mined per ASTM C127, C128, and C29 (ASTM 1994). These 
values are given in Table 1. 
The natural aggregate used, shown in Fig. 2(a), was a sub-
rounded granitic gravel with maximum size of 12.5 mm. This 
aggregate has surfaces that are rough in texture. Vitriﬁed soils 
with an original size ranging from 50 to 150 mm were crushed 
to a maximum size of 12.5 mm, resulting in vitriﬁed soil ag­
gregates that are highly elongated with sharp edges and 
smooth surfaces, as shown in Fig. 2(b). 
PROPORTIONING, CASTING, AND TESTING 
A total of 10 batches of mortar and concrete were cast and 
are listed in Table 2. For all batches, the ratio of water:cement: 
ﬁne aggregate was ﬁxed at 0.57:1:1.96 by weight, and the 
ratios of coarse aggregate to cement for all batches are given 
FIG. 1. Gradation of Fine and Coarse Aggregates 
TABLE 1. Physical Properties of Aggregates 
Aggregate Type 
Natural Vitriﬁed 
Aggregate property Fine coarse coarse 
Bulk speciﬁc gravity 2.43 2.63 2.72 
Absorption capacity (%) 1.0 1.1 0.2 
Effective absorption (%) 0.5 0.9 0.2 
Dry rodded unit weight (kg/m3) — 1,605 —  
25mm
a) Natural Coarse Aggregates
b) Vitrified Coarse Aggregates
25mm
FIG. 2. Coarse Aggregates Used in Study 
in Table 2. Predicted volume fractions for all the constituents 
are also given in Table 2. The air content was held at a ﬁxed 
fraction of 4% of the total mortar content. Batch M, for mortar, 
had no coarse aggregates. Concrete batches are designated by 
the percent of coarse aggregate by volume (15, 33, or 50) and 
by the type of coarse aggregate (N, V, or  NV ). Types N or V 
indicate that only natural or vitriﬁed coarse aggregate is used, 
respectively, while NV indicates a 50/50 combination of nat­
ural and vitriﬁed coarse aggregates. 
All concrete was mixed in accordance with ASTM C192 
(ASTM 1994). For each batch, three 100 � 200 mm cylinders 
were cast and rodded in three layers and left in the preparation 
room covered with plastic for approximately 18 h. The cyl­
inders were then demolded and placed in a moist curing room 
until testing. Prior to testing, the cylinders were capped with 
a sulfur capping compound per ASTM C617 (ASTM 1994). 
All cylinders were tested for compressive strength, modulus 
of elasticity, and Poisson’s ratio per ASTM C469 and C39 TABLE 2. Concrete Constituent Contents 
Volume Fraction 
Fine Natural coarse Vitriﬁed coarse Total coarse Total 
Water Cement Air aggregate aggregate aggregate aggregate CA/cement 
Batch (%) (%) (%) (%) (%) (%) (%) by weight 
M 32 18 4 46 0.0 0.0 0.0 0.00 
15N 28 15 3 39 15.0 0.0 15.0 0.80 
15NV 28 15 3 39 7.5 7.5 15.0 0.83 
15V 28 15 3 39 0.0 15.0 15.0 0.85 
33N 22 12 2 31 33.0 0.0 33.0 2.28 
33NV 22 12 2 31 16.5 16.5 33.0 2.32 
33V 22 12 2 31 0.0 33.0 33.0 2.36 
50N 16 9 2 23 50.0 0.0 50.0 4.63 
50NV 16 9 2 23 25.0 25.0 50.0 4.71 
50V 16 9 2 23 0.0 50.0 50.0 4.79 
FIG. 3. Compression Test Setup (ASTM 1994). The test setup is shown in Fig. 3. In addition, 
the stress-strain curves for axial and lateral strains up to and 
beyond the peak stress were measured for each cylinder. 
RESULTS 
Representative axial and lateral stress-strain curves for all 
batches of concrete, including the mortar, are presented in Fig. 
4. All curves are continuous and smooth and exhibit pre- and 
postpeak behavior. Compressive strength, density, modulus of 
elasticity, and Poisson’s ratio are summarized in Table 3. 
Compressive Strength 
Fig. 5 shows the compressive strength versus percent coarse 
aggregate by volume. Increasing the volume fraction of natural 
coarse aggregate to 15% (batch 15N), the compressive strength 
increases by 14.6%. For batches 15NV and 15V, there is no 
apparent increase in compressive strength as compared to the 
mortar. For all types of coarse aggregate, when the volume 
fraction increases beyond 15%, there is a steady decline in 
compressive strength. Also, as the natural coarse aggregate is 
replaced by vitriﬁed soil, there is a consistent decrease in com­
pressive strength ranging from 15 to 35%, depending on the 
volume fraction of coarse aggregate and the amount of natural --15N
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FIG. 4. Representative Stress-Strain Curves for All Batches 
  
TABLE 3. Measured Concrete Properties and ACI Modulus of Elasticity Prediction 
f �c � Ec-meas Ec-ACI 
Batch (MPa) (kg/m3) (GPa) 
M 26.0 (�0.8) 2159 (�7) 20.4 (�0.3) 
15N 29.8 (�1.2) 2255 (�5) 23.0 (�0.5) 
15NV 24.8 (�0.4) 2229 (�2) 22.9 (�0.1) 
15V 25.3 (�0.5) 2233 (�1) 26.2 (�0.3) 
33N 24.8 (�0.4) 2310 (�1) 21.4 (�0.3) 
33NV 22.6 (�0.2) 2300 (�2) 25.7 (�0.2) 
33V 19.5 (�0.2) 2297 (�1) 30.3 (�0.8) 
50N 22.3 (�0.7) 2384 (�3) 22.1 (�0.5) 
50NV 16.0 (�0.6) 2356 (�9) 22.6 (�1.0) 
50V 14.4 (�0.8) 2332 (�2) 28.3 (�1.1) 
� (GPa) E /Ec-meas c-ACI 
0.191 (�0.004) 22.0 (�0.4) 0.93 
0.198 (�0.007) 25.1 (�0.5) 0.92 
0.202 (�0.001) 22.6 (�0.2) 1.01 
0.212 (�0.007) 22.8 (�0.2) 1.15 
0.191 (�0.010) 23.5 (�0.2) 0.91 
0.210 (�0.019) 22.6 (�0.1) 1.14 
0.218 (�0.013) 20.9 (�0.1) 1.45 
0.175 (�0.005) 23.6 (�0.4) 0.94 
0.193 (�0.003) 19.7 (�0.4) 1.15 
0.266 (�0.024) 18.4 (�0.5) 1.53 35 N
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FIG. 5. Compressive Strength versus Coarse Aggregate Content 
aggregate replaced by vitriﬁed soil. Similarly, 20 to 30% de­
creases in compressive strengths have been reported when ap­
proximately one-third of the natural aggregates are substituted 
with recycled glass by weight (Meyer et al. 1996; Polley et 
al. 1998). 
The decrease in strength can be attributed in two different 
mechanisms. Poor bond between the mortar and the glasslike 
surfaces of the vitriﬁed soil is the primary mechanism; the 
smooth texture of the surface has a signiﬁcant effect on low­
ering bond (Giaccio and Zerbino 1986). The secondary mech­
anism is related to the high angularity of the crushed vitriﬁed 
soil. As natural coarse aggregate is replaced by equal volumes 
of vitriﬁed soil, the concrete densities are expected to increase 
since vitriﬁed soil has a slightly higher speciﬁc gravity than 
the natural coarse aggregate (Table 1); the reverse trend is 
found, as seen in Table 3. The decrease in density as vitriﬁed 
coarse aggregate is used can be attributed to higher air content 
caused by additional air being entrapped due to the high an­
gularity of the crushed vitriﬁed soil. This ﬁnding is contrary 
to the estimated air contents given in Table 2. The writers also 
noted that as higher volume fractions of vitriﬁed soil were 
used, the mixes became increasingly harsh. 
Modulus of Elasticity 
Fig. 6 shows the measured modulus of elasticity versus 
coarse aggregate content for all batches. Concretes with higher 
moduli of elasticity correspond to those having larger vitriﬁed 
soil contents; this trend can be directly related to vitriﬁed soil 
having a high modulus of elasticity (Tuan and Dass 1996). For 
concretes with all natural coarse aggregates, there is no no­
ticeable change in the modulus of elasticity as the volume 
fraction increases from 0 to 50%; however, for concretes with 
vitriﬁed soil aggregates, there is a signiﬁcant increase in the 
modulus from 0 to 33%, beyond which the modulus begins to   
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FIG. 6. Modulus of Elasticity versus Coarse Aggregate Content 
FIG. 7. Ec-meas /Ec-ACI versus Coarse Aggregate Content 
decrease. The decrease in the modulus is due to the angularity 
of the vitriﬁed soil aggregate and the inability of the concrete 
to compact properly. 
For comparison purposes, the modulus of elasticity, Ec-ACI , 
in GPa is calculated using the ACI equation (ACI 1995) 
�5 3/2  Ec-ACI = 4.3 � 10 � �f �c (1) 
where � is the density of the concrete in kilograms per cubic 
meter and f�c is the 28 day compressive strength in megapas­
cals. These values are given in Table 3. The variation in the 
unit weight of the concrete batches is small. On the other hand, 
the range of compressive strengths is high, from 16.0 MPa for 
50NV to 29.8 MPa for 15N. Fig. 7 shows the ratio of the 
measured modulus of elasticity to the modulus of elasticity 
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found from the ACI equation versus coarse aggregate content. 
The modulus of elasticity calculated using the ACI equation 
is relatively close to the measured values for concrete with 
natural coarse aggregate; however, the ACI equation under­
estimates the modulus of elasticity for concretes with vitriﬁed 
soils by as much as 50%. This underestimation is more sig­
niﬁcant for concretes with higher volume contents of vitriﬁed 
soil because the ACI equation does not directly account for 
aggregate stiffness. 
A modiﬁed Hirsch-Dougill model is used to approximate 
the modulus of elasticity for a three-phase material consisting 
of mortar, natural coarse aggregate, and vitriﬁed soil aggre­
gate, as shown in Fig. 8. The original Hirsch-Dougill model 
is a combined parallel and series spring model for predicting 
the modulus of elasticity for two-phase materials (Dougill 
1962; Hirsch 1962). The two-phase Hirsch-Dougill model has 
frequently been used to predict the elastic modulus of concrete 
or aggregates and gives comparable results for other relatively 
simple models (Baalbaki et al. 1992; Zhou et al. 1995). The 
modiﬁed three-phase Hirsch-Dougill model for predicting the 
modulus of elasticity, Ec-pred , has the following form: 
1 1 VM VN VV 
= X � � (1 � X ) � � �
Ec-pred M M � V EN N � V EV V  EM EN VV E  E
(2) 
where EM, EN, EV, VM, VN, and VV correspond to the moduli of 
elasticity and the volume fractions of the mortar, natural coarse 
aggregate, and vitriﬁed soil aggregate, respectively. For isotro­
pic conditions, X has been shown to be equal to 0.5 (Dougill 
1962). Using this equation and taking the modulus of elasticity 
of the mortar to be 20.4 GPa as measured, EN and EV were 
determined to be 25.5 and 68.3 GPa, respectively, from least 
squares regression. Although the modulus of elasticity for the 
vitriﬁed soil appears high in comparison to the natural coarse 
aggregate, it is consistent with values reported by Tuan and 
Dass (1996). The moduli of elasticity from concrete batches 
with 50% aggregate content were omitted when performing 
the analysis since inadequate compaction occurred as dis­
cussed previously. Fig. 9 shows the ratio of the measured mod­
ulus of elasticity to the modulus of elasticity from the modiﬁed 
Hirsch-Dougill model versus coarse aggregate content. The 
modiﬁed Hirsch-Dougill model slightly overpredicts the mea­
sured modulus of elasticity; however, it is accurate for batches 
NV and V up to 33% coarse aggregate content. 
Poisson’s Ratio 
For the batches with 33% coarse aggregate content or less, 
Poisson’s ratio remained within the range of 0.19 to 0.22, as 
can be seen in Fig. 10. As shown in Figs. 4(b–c), the stress 
versus lateral strain curves were nearly identical within the 
elastic range regardless of coarse aggregate type; however, as 6010 20 30 40 50
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FIG. 10. Poisson’s Ratio versus Coarse Aggregate Content 
discussed earlier, the higher the vitriﬁed soil content, the 
higher the modulus of elasticity. This results in consistently 
higher Poisson’s ratios as the natural aggregate is replaced 
with vitriﬁed soil, as shown in Fig. 10. This trend can be 
attributed to the lack of bond between the mortar and vitriﬁed 
soil, allowing increased lateral separation of vertical preexist­
ing bond cracks (Struble et al. 1980). 
For batch 50V, Poisson’s ratio increased considerably to 
0.27. As before, the lack of bond is a contributing factor. How­
ever, this effect is magniﬁed by the contact between the ag­
gregates due to the high angularity of the vitriﬁed soils and 
the large amount of air that was entrapped in this batch. 
CONCLUSIONS 
This study examined how different volume fractions of vit­
riﬁed soil aggregate affect the mechanical performance of con­
crete in comparison to concrete made with natural coarse ag­
gregate. The following conclusions were found: 
1. Vitriﬁed soil aggregates have poor shape; they tend to be 
elongated in shape with sharp edges. This caused the 
concrete mixes to become very stiff when large volume 
fractions of vitriﬁed soils were used. 
2. The surface	 texture 	of the vitriﬁed soil aggregate is 
smooth. This texture caused the bond between the mortar 
and the aggregate to be poor. 
3. As the volume fraction of vitriﬁed soil increases, the 
compressive strength decreases. These ﬁndings are sim­
ilar to those found by other writers examining the use of 
glass as an aggregate and are attributed to the poor bond 
between mortar and vitriﬁed soil. 
4. Vitriﬁed soil has a high modulus of elasticity, and the 
modulus of elasticity of concrete can be increased con­
siderably if vitriﬁed soil is used. 
5. The ACI equation underestimated the modulus of elas­
ticity for concrete with vitriﬁed soil by more than 30% 
in some instances. A modiﬁed Hirsch-Dougill model was 
employed to accurately predict the modulus of elasticity 
for concrete with up to 33% mixed coarse aggregate con­
tent. 
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NOTATION 
The following symbols are used in this paper: 
Ec, EM, EN, EV =	 modulus of elasticity of concrete, mortar, 
natural coarse aggregate, and vitriﬁed soil 
aggregate, respectively; 
Ec-meas, Ec-pred , Ec-ACI =	 modulus of elasticity from measurements, 
prediction, and ACI equation, respec­
tively; 
f �c	 = 28-day compressive strength; 
VM, VN, VV =	 volume fractions of mortar, natural coarse 
aggregate, and vitriﬁed soil aggregate, 
respectively; 
X =	 ratio constant modulus of elasticity 
model; 
�	 = Poisson’s ratio; and 
�	 = unit weight of concrete. 
